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Abstract

:

Proteolytic enzymes play a crucial role in metabolic processes, providing the cell with amino acids through the hydrolysis of multiple endogenous and exogenous proteins. In addition to this function, proteases are involved in numerous protein cascades to maintain cellular and extracellular homeostasis. The redox regulation of proteolysis provides a flexible dose-dependent mechanism for proteolytic activity control. The excessive reactive oxygen species (ROS) and reactive nitrogen species (RNS) in living organisms indicate pathological conditions, so redox-sensitive proteases can swiftly induce pro-survival responses or regulated cell death (RCD). At the same time, severe protein oxidation can lead to the dysregulation of proteolysis, which induces either protein aggregation or superfluous protein hydrolysis. Therefore, oxidative stress contributes to the onset of age-related dysfunction. In the present review, we consider the post-translational modifications (PTMs) of proteolytic enzymes and their impact on homeostasis.
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1. Introduction


Homeostasis is the physiological ability to maintain physical and chemical conditions throughout the internal environment of the body within tolerable limits despite external perturbations. Homeostasis is based on processes such as temperature control, osmotic equilibrium, and anabolism/catabolism balance. Anabolic pathways require energy to generate complex molecules from simpler ones. The energy and molecules for anabolism are provided by catabolism, which refers to energy production via the breakdown of macromolecules [1]. These include endogenic and exogenic proteins, lipids, carbohydrates, and nucleic acids. Macromolecule digestion is catalyzed by enzymes, which in turn are strictly regulated at different levels. These include synthesis as zymogens, compartmentalization, the requirements for specific amino acid sequences in a substrate, and the inhibition of and interaction with cofactors and signaling molecules [2].



Signaling molecules are able to transmit information within and between cells. These molecules convey signals by binding to receptors and activating second messengers. Otherwise, they directly modify target molecules, such as enzymes. These signaling molecules are represented by proteins, amino acids, nucleotides, lipids, monoamines, polyisoprenoides, metal ions, gases, reactive oxygen species (ROS), reactive nitrogen species (RNS), etc. A striking example of proteins that transmit signals is kinases. Together with nucleotides, such as adenosine triphosphate (ATP) and guanosine triphosphate (GTP), kinases regulate vital pathways [3]. Amino acids have been shown to inhibit autophagy in insulin-sensitive cells [4]. Calcium ions are ubiquitous second messengers that regulate various processes in cells by binding to EF-hand-containing proteins [5]. ROS are capable of modifying various signaling molecules and are involved in host defense processes and cell fate determination [6].



ROS and RNS are free radicals, which can be defined as atoms or molecules containing one or more unpaired electrons in a valence shell or outer orbit that are capable of independent existence [7]. The main cellular source of ROS and RNS is the mitochondrial respiratory chain. ROS and RNS are also produced in the endoplasmic reticulum, peroxisomes, and phagocytic cells with the participation of xanthine and endothelial oxidase, as well as during the autoxidation of small molecules [8]. They are also derived from exogenous sources, such as pollution, alcohol, industrial solvents, pesticides, drugs, etc. [9]. These sources are considered to be major factors that increase susceptibility to various diseases and accelerate aging [10,11].



ROS and RNS are known to cause homeostasis imbalance by inducing oxidative stress, which causes damage to lipids, proteins, and deoxyribonucleic acid (DNA) [12]. The accumulation of DNA damage leads to replicative senescence when cells are irreversibly arrested in the G1 phase of the cell cycle [13]. Since the mitochondrial respiratory chain is the main intrinsic source of ROS, oxidative-dependent damage is considered to be the major reason for mitochondrial dysfunction. This, in turn, is associated with neuronal degeneration in age-related diseases [14]. Protein oxidation disrupts the proteostasis network, which can decrease proteolysis and induce the formation of protein aggregates, such as amyloid fibrils and amorphous aggregates [15,16], related to neurodegenerative diseases and cataracts, respectively [17]. On the other hand, oxidative stress is associated with accelerated rates of the proteolytic hydrolysis of myofibrillar proteins by µ-calpain, m-calpain, and caspase 3 during disuse muscle atrophy [18].



While ROS and RNS play well-established roles in pathogenic processes, they also have important functions in regulatory and signaling processes in physiological conditions [19]. Redox signaling depends on the oxidant/antioxidant ratio and affects cell growth, differentiation, death, and other processes in cellular and tissue metabolism [20,21]. To maintain redox homeostasis, cells produce metabolites such as glutathione (GSH/GSSG) and nicotinamide adenine dinucleotide (phosphate) (NAD(H)/NADP(H)). So far, the most commonly investigated mechanism of redox regulation is mediation via the post-translational modifications (PTMs) of multiple proteins. Glutathionylation and S-nitrosylation of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) influence the enzyme’s involvement in processes such as glycolysis, gene expression, and apoptosis [22]. All enzymes and several regulatory proteins of the Calvin–Benson cycle are also susceptible to redox-mediated PTMs, which influence carbon assimilation by photosynthetic organisms [23]. Several reports have revealed that proteases can also be modified by nitrosation, selfenylation, sulfinylation, glutathionylation, and sulfonation.



These modifications lead to a change in protease activity, which in turn regulates the protein content of the cell, multiple signaling pathways, cell survival, cell death, and cell and tissue homeostasis. In this review, we consider a range of mechanisms for the redox regulation of proteolytic enzymes and the impact of this regulation on homeostasis.




2. PTMs of Proteases Mediated by ROS and RNS


A PTM is a biochemical change of a protein that takes place after translation. Most of these modifications are catalyzed by enzymes and include the specific cleavage of precursor proteins, the formation of disulfide bonds, and the covalent addition or removal of low-molecular-weight groups. A range of functional groups can be covalently added to proteins, causing phosphorylation, acetylation, adenosine monophosphate (AMP)ylation, ubiquitination, and ubiquitin (Ub)-like modifications of the target. These PTMs play a significant role in protein folding, stability, and conformation, and thus influence their functions. For many years, phosphorylation was thought to be the most prominent among these processes, but today, redox-mediated PTMs are considered to be a major class of protein PTMs. They are classified into two categories: reversible modifications and irreversible modifications. Reversible modifications are represented by sulfenylation and sulfinylation via ROS, by nitrosation via RNS, S-glutathionylation via GSH, and disulfide formation via either of them. An excessive concentration of ROS will react with reversibly sulfinylated amino acids and result in irreversible sulfonation. Nitration and carbonylation by RNS and ROS, respectively, are also irreversible (Figure 1) [24].



The increased production of hydroxyl radicals leads to the formation of lipid hydroperoxides that produce a family of α,β-unsaturated aldehydes, which react with the side chains of lysine, histidine, and cysteine residues, referred to as protein carbonylation [25]. Nitrosation and nitration are processes of incorporating NO directly or via NO donors (S-nitrosothiols (RSNOs), peroxynitrite (ONOO–), dinitrogen trioxide (N2O3), or nitrogen dioxide (NO2), etc.) as a nitroso group. S-nitrosation, O-nitrosation, and N-nitrosation were observed for the 18 amino acids [26], but only S-nitrosation has received significant attention as a PTM of proteins. Nitration, in contrast to nitrosation, is an irreversible modification. The most commonly studied example of nitration is 3-nitrotyrosine [27]. The oxidation of methionine to a sulfoxide and of cysteine to sulfenic, sulfinic, and sulfonic acids is usually mediated by H2O2, HOCl, and other ROS. With the exception of sulfonation and sulfinylation, these modifications can be reduced by dithiothreitol (DTT), thioredoxin (Trx), and nicotinamide adenine dinucleotide (NADH) [28]. Sulfinylation is reduced by the cysteine sulfinic acid reductase, sulfiredoxin (SRX) [29].Oxidized and nitrosated cysteines can be also reduced by GSH, which leads to S-glutathionylation, or by other cysteines, via the formation of disulfide bonds [30].



As can be seen, most of the PTMs of proteins are mediated by cysteine modifications. This observation can be explained by the ability of cysteines to stabilize protein conformation by disulfide bonds, which enables the cell to regulate homeostasis, for example, via GSH. To the best of our knowledge, extant research only provides evidence of redox regulation of proteolytic enzymes carried out by cysteine modifications. These include S-sulfenylation, S-sulfinylation, S-sulfonation, and the nitrosation of either the catalytic cysteine residues in cysteine proteases or the non-catalytic cysteine residues in cysteine, threonine, serine, and metalloproteases. The S-glutathionylation of non-catalytic residues in cysteine and metalloproteases was also investigated. Cysteines, which are susceptible to modification, often form—or are believed to form—disulfide bonds.




3. Intracellular Redox Regulation of Proteolytic Enzymes


3.1. Redox Regulation of Protein Turnover in Cells


The catabolism of proteins is necessary to control the quantity and quality of proteins in a cell. The digestion of unneeded and damaged proteins provides the cell with amino acids and energy. The complete hydrolysis of proteins is one of the main functions of proteolytic enzymes. There are two crucial ways that proteolysis occurs in the cell. The ubiquitine–proteasome system (UPS) uses Ub as a marker that targets cytosolic and nuclear proteins. Lysosomal proteases digest extracellular proteins and cytoplasmic organelles and proteins [31].



3.1.1. Lysosomal Proteolysis


Lysosomes are the digesting organelles that mainly hydrolyze macromolecules from the secretory, endocytic, and phagocytic pathways. Lysosomes contain up to 50 enzymes, such as lipases, proteases, and nucleases. Most lysosomal proteases are ubiquitous and belong to aspartic, cysteine, and serine protease families. However, some are tissue-specific and involved in processes such as growth factor signaling, lipoprotein particle hydrolysis, infection, antigen presentation, and autophagy [32]. Lysosomal proteases are also involved in two kinds of regulated cell death (RCD): entotic and lysosome-dependent cell death [33]. Moreover, accumulating evidence indicates that lysosomal proteases are involved in extracellular matrix (ECM) hydrolysis [34,35].



A range of papain-like cysteine proteases (PLCPs), which belong to peptidase family C1 (papain family) clan CA [36], are redox-regulated lysosomal enzymes. Papain is a title protease of the family involved in the protein hydrolysis in the lysosomes of Carica papaya L. It is produced from the latex of C. papaya and plays an important role in industry [37,38]. Papain can be reversibly inhibited by the NO-mediated nitrosation of its catalytic cysteine residue 25 [39]. Cathepsin K is a collagenolytic PLCP that is mainly produced by osteoclasts and involved in bone resorption [40]. Cathepsin B is also involved in bone turnover and takes part in the processing of antigens and hormone activation [41]. Human cathepsins K and B are inhibited by a mechanism similar to the one in papain; their nitrosated residues are catalytic cysteines 25 and 29, respectively [42,43].



PLCPs are also susceptible to oxidation by H2O2. Triticain-α is a PLCP from Triticum aestivum L that has glutenase and collagenase activity and is believed to participate in seed maturation by digesting storage proteins during germination [44,45]. It was recently shown in our laboratory that triticain-α is inhibited by H2O2 [46]. Cathepsin D is a lysosomal aspartic protease from peptidase family A1 (pepsin family) clan AA [36]. Cathepsin D plays an important role in the hydrolysis of intracellular proteins, the activation and hydrolysis of polypeptide hormones and growth factors, the activation of enzymatic precursors, the processing of enzyme activators and inhibitors, brain antigen processing, and the regulation of programmed cell death [47]. Investigations of a rat pheochromocytoma cell line exposed to H2O2 indicated a decrease in cathepsin B activity and an increase in cathepsin D activity. However, the mechanisms of these processes are unknown [48]. Cathepsin S is a PLCP expressed predominantly in immune cells and is crucial for the processing of the invariant chain in antigen-presenting cells [49]. Human cathepsins K and S are inhibited by H2O2 via the PTMs of their catalytic cysteines. Cathepsin K is mainly oxidized to irreversible sulfonic acid in a time- and dose-dependent manner [50], whereas procathepsin S is oxidized to reversible sulfenic acid, which inhibits its autocatalytic maturation [51]. Cathepsin S oxidation is reversed by cysteine or GSH [51]. Cathepsin L is a PLCP that, apart from protein turnover in lysosomes, is involved in H3-histone and prohormone processing in the nucleus and secretory vesicles, respectively [49]. It was shown that oxidative stress suppresses the autocatalysis of procathepsin L [52]. The treatment of human fibroblasts with 1-methylnaphthalene-4-propionateendoperoxide (MNPE) and naphthalene-1,4-dipropionate endoperoxide (NDPE), which generate singlet oxygen, inhibits cathepsins B, L, and S. Singlet oxygen also inhibits papain in vitro. However, the mechanism of this action is ambiguous [53]. Cathepsin S and papain can be inhibited by ROS indirectly via the irreversible glycation of the active site by carbonyls that accumulate during oxidative stress [54,55].



Since the catalytic cysteines in PLCPs can be oxidized either reversibly or irreversibly, it was suggested that reversible PTMs protect the enzymes from irreversible modifications under conditions of severe oxidative stress [56]. Interestingly, cathepsin D is the only lysosomal aspartic protease that is susceptible to redox regulation and the only lysosomal protease investigated so far whose activity is increased by ROS. This observation provides a direction for future research into the mechanisms of aspartic protease redox regulation.




3.1.2. Ubiquitine-Proteasome System


The UPS consists of multiple enzymes and regulatory proteins that, unlike lysosomal enzymes, mainly digest the unnecessary and misfolded proteins involved in the cell cycle, transcription, and growth. Digestion is provided by the proteasome, which is a multi-subunit threonine protease complex subjected to alterations derived from oxidative stress. Proteasomal subunits are susceptible to carbonylation, proteasomal glycoxidation, and modification with lipid peroxidation products. These PTMs lead to a decrease in proteasome activity, although most of them target non-proteolytic subunits. The 20S core proteasome contains only three catalytic subunits, β1, β2, and β5, which belong to the peptidase family T1 (proteasome family), clan PB [36]. Two of them, β2 and β5, along with the β4 and β6 subunits, are subjected to the glycoxidation and glycation promoted by oxidative stress. This PTM inhibits proteasome activity. However, the mechanisms of this process remain ambiguous [57]. On the other hand, two S-glutathionylated cysteine residues in the α5 subunits of 20S in yeast proteasomes mediate the opening of the annulus, which increases the activity of the proteasome [58].



The proteasome is also susceptible to indirect redox regulation. It was shown that oxidized proteins are hydrolyzed by the 20S proteasome independent of both the regulatory 19S complex and Ubsince adding ATP to the cell lysate had no effect or even decreased proteasomal hydrolysis [59,60,61]. Oxidative stress influences the 26S proteasome and the ubiquitinating machinery more strongly than its 20S core [62,63]. Thus, 20S proteasomal hydrolysis is unaffected by H2O2 concentration up to 5mM, while ATP-dependent hydrolysis via the 26S proteasome begins to decline at 400 µM and is completely abolished at 1 mM [64,65]. Hence, the 26S proteasome disassembles on 20S and 19S particles under oxidative stress conditions [66].On the other hand, it was shown that carbonyl-containing proteins, a direct measure of protein oxidation, are selectively removed by ubiquitinating machinery, and, therefore, some oxidized proteins might require Ub-dependent 26S proteasome hydrolysis [67,68].



The ubiquitination of proteins depends on two kinds of enzymes. The E3 ubiquitin ligase conjugates Ub to a lysine residue of a target protein, which serves to direct the protein for hydrolysis by the proteasome. Conversely, deubiquitinating enzymes (DUBs) eliminate Ub from the substrates and inhibit proteasomal hydrolysis.



DUBs include the cysteine proteases from peptidase families C12 (Ub C-terminal hydrolase family), C19 (Ub-specific protease family), C64, and C65 of clan CA, as well as the metallopeptidases from family M67 of clan MP [36]. Cysteine DUBs are susceptible to redox regulation since they contain a low-pKa catalytic cysteine residue. It was reported that Ub-specific peptidase 1 (USP1), a DUB involved in the DNA damage response pathways, is reversibly inactivated by the sulfenylation of catalytic cysteine [69]. The inhibition of USP1 activity after oxidative DNA damage leads to the time-dependent accumulation of monoubiquitinated proliferating cell nuclear antigen (PCNA). This process enables a gap repair of oxidized DNA lesions during the S phase [69]. Multiple ovarian tumor DUBs were also shown to undergo cysteine oxidation upon H2O2 treatment [70]. Transient RSOH can then be stabilized by the formation of hydrogen bonds with the highly conserved residues in the loop preceding catalytic cysteine. DUBs exhibit distinct levels of sensitivity to oxidation depending on various ranges of catalytic activation, in which the conformationally inactive enzyme can be less susceptible to oxidation. For example, USP7, preincubated with Ub, which behaves as an allosteric activator, is more susceptible to ROS [71]. Therefore, the reversible inactivation of DUBs mediated by ROS may regulate the ubiquitination status of many signaling molecules [71] and promote hydrolysis by the proteasome.



The contradictory redox regulation of UPS can be explained by its dose dependence on ROS. However, more research must be conducted to validate this hypothesis. To the best of our knowledge, the redox regulation of proteasomes is the only example of the redox regulation of threonine proteases. It would be interesting to see whether other threonine proteases with similar structures are susceptible to redox regulation.




3.1.3. PTMs Induced by Proteases


Apart from catabolic processes, cellular proteolytic enzymes are involved in various regulatory pathways. Deubiquitinating proteases can eliminate Ub-mediated PTMs. Several Ub-like proteins, such as MoaD, ThiS, SUMO, NEDD8, ATG8, and ATG12, can be conjugated by ligases and digested by proteases from the target protein [72]. The most commonly investigated example is the small Ub-like modifier (SUMO), which is necessary for regulation of the cell cycle and apoptosis [73]. This is responsible for processing the full-length SUMO into its mature form and deconjugating SUMO from targeted proteins [74].



SUMO proteases belong to the peptidase family C48 (Ulp1endopeptidase family) of clan CE, C97 of clan CP, and C98 of clan CA [36]. However, redox regulation was only observed for family C48. H2O2 treatment induces the reversible formation of an intermolecular disulfide bond between catalytic and non-catalytic cysteines in the yeast SUMO Ub-like-specific protease 1(ULP1) and in its human equivalent, sentrin-specific protease 1 (SENP1) [75].At the same time, sulfonation of the active site causes an irreversible inhibitory effect [75]. Therefore, disulfide bonds can protect the proteases from more severe oxidation.



In summary, there is no doubt that proteolysis inside the cell is redox-regulated. However, the redox regulation of lysosomal hydrolysis has been mainly described for cysteine proteases, although the regulation of aspartic and serine proteases is also important for protein turnover and intracellular homeostasis. The redox regulation of deubiquitinating and deSUMOylating proteases also requires more precise research into its influence on different signaling pathways. It would be interesting to investigate the redox regulation of DUB metallopeptidases. The molecular mechanisms of the redox regulation of the proteasome are quite ambiguous. However, this unique example of redox regulation of threonine protease provides a guideline for future investigations of other proteases from this group.





3.2. Redox Regulation of RCD


Proteastasis is maintained by the UPS, which digests misfolded and aggregated proteins. However, continuous stress increases the amount of harmful proteins, and aging decreases the number of proteasomes. These lead to overwhelming of the UPS, proteostasis collapse, and cell death. ROS and RNS themselves can cause either accidental cell death (ACD) or RCD. In contrast with ACD, the instant and catastrophic collapse of cells exposed to severe physical, chemical, or mechanical insults, RCD depends on molecular machinery and, therefore, can be modulated. RCD also plays a major role in development, tissue homeostasis, inflammation, immunity, and multiple pathophysiological conditions. RCD can be subdivided into 12 distinct modes: intrinsic apoptosis, extrinsic apoptosis, mitochondrial permeability transition (MPT)-driven necrosis, necroptosis, ferroptosis, pyroptosis, parthanatos, entotic cell death, neutrophil extracellular traps (NET)otic cell death, lysosome-dependent cell death, autophagy-dependent cell death, and immunogenic cell death [33].



3.2.1. Initiation of RCD


RCD can be induced either by physiological programs for development or tissue turnover or by intense and prolonged perturbations of the microenvironment. The main function of the mitochondria is ATP production for cell survival and other vital functions [76]. However, mitochondria also act as central executioners in different kinds of RCD, such as apoptosis, MPT-driven necrosis, necroptosis, and parthanatos [33].



Mitochondria-mediated cell death can be induced by DNA damage, intracellular Ca2+ overload, and oxidative or ER stress. Calpains (CAPNs) are calcium-dependent cysteine proteases from the peptidase family C2 (calpain family) of clan CA [36], which plays an important pro-death role after Ca2+ overload. In particular, CAPNs cleave caspase 3, apoptosis-inducing factor(AIF), and Bid, and induce cytochrome c release [77].



ROS can initiate CAPN activation indirectly by increasing intracellular Ca2+ or directly by inducing oxidative modifications of the proteases themselves [78,79,80,81]. Moreover, ROS-mediated modifications can affect the susceptibility of different proteins to CAPN-mediated cleavage [18,82]. The inactivation of NADPH oxidase attenuates µ-CAPN activity and decreases apoptosis in pulmonary microvascular endothelial cells (PMECs) during septic plasma stimulation. Therefore, targeting µ-CAPN and calpastatin may prevent endothelial injury in sepsis [83]. It was also shown that administration of an antioxidant, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), prevented the activation of µ-CAPN and caspase 3, indicating that oxidative stress is required for the activation of the major proteolytic pathway underlying muscle atrophy [84]. The sustained activation of CAPNs in the platelets from diabetic patients was found to be a consequence of the redox-mediated dysregulation of intracellular Ca2+ homeostasis [81].



The activity and autolysis of μ-CAPN are reversibly inhibited by H2O2. Tandem mass spectrometry (MS) analysis revealed disulfide bond formation between the catalytic and non-catalytic cysteines [85]. In vitro studies revealed that m-CAPN is susceptible to inhibition via the singlet oxygen generated by MNPE [86]. The activities of CAPNs are also redox-regulated by S-nitrosation. Indeed, m-CAPN isolated from either skeletal muscle or neutrophils can be S-nitrosated and inactivated by sodium nitroprusside (SNP). This effect can be reversed by DTT, suggesting the modification of a cysteine residue [87]. More recently, in vitro studies confirmed the effect of S-nitrosation on the autolysis and activity of µ-CAPN and identified the S-nitrosated cysteine residues as cysteine 49, cysteine 351, cysteine 384, and cysteine 592 in µ-CAPN and cysteine 142 in a small regulatory subunit 1 (CAPN4) [88]. µ-CAPN is less sensitive to modification by NO at a neutral pH, and inactivation could be only observed in acidic conditions [80]. Based on these observations, it was suggested that NO may regulate CAPN activity depending on pH fluctuations in contracting cells or pathological conditions [87]. The role of NO in the regulation of CAPN activity has since been confirmed, as well as the age-related decrease in the expression of neuronal nitric oxide synthase (NOS) is correlated with a decrease in CAPN S-nitrosation. This, in turn, leads to CAPN activation and myofibril hydrolysis [89]. The link between NO and CAPN was also supported by the fact that NOS inhibition promoted µ-CAPN autolysis, resulting in the hydrolysis of titin and nebulin during post-mortem aging [90]. Therefore, the S-nitrosation of CAPNs was associated with protection against myocardial ischemia/reperfusion injury [91].



CAPN activity is also redox-regulated indirectly since the recognition of oxidized proteins by CAPNs is enhanced [18]. For instance, the Ca2+-induced production of ROS leads to AIF carbonylation and accelerated cleavage by µ-CAPN [92], processes that can be blocked by antioxidants [82]. This physical interaction and subsequent hydrolysis of AIF by µ-CAPNs may be redox-dependent. This follows from the fact that the recognition and proteolysis of protein targets by µ-CAPN are expedited by PEST motifs, which are known to be redox-sensitive [93,94]. Moreover, the oxidation of myofibrillar proteins enhances their susceptibility to proteolytic hydrolysis by CAPNs, connecting oxidative stress with accelerated myofibrillar proteolysis during disuse muscle atrophy [18]. However, oxidative PTMs of the muscle intermediate filament desmin decrease susceptibility to CAPNs and simultaneously increase caspase 3 and 6 mediated hydrolysis [95].



Mitochondria-mediated RCD can also be induced by a protein quality control system. Proteostasis requires a critical oversight of misfolded or aggregated proteins, which can be either refolded or hydrolyzed. Cells have developed several quality-control mechanisms, such as chaperones, the unfolded protein response (UPR), autophagy, endoplasmic reticulum associated protein hydrolysis (ERAD), and proteasomes. However, when the capacity of the protein homeostasis network is overwhelmed, the cellular response switches from pro-survival to pro-death.



The mitochondrial inner membrane (IM) Oma1 is a metalloproteinase from the peptidase family M48 (Ste24 endopeptidase family) of clan MA [36]. It is a central controller of mitochondrial membrane homeostasis and dynamics [96,97,98]. Oma1 maintains a semi-oxidized state across different organisms, so the activity and stability of the Oma1 oligomeric complex is susceptible to redox regulation. It is mediated by two highly conserved inner membrane space-exposed cysteine residues, cysteine 272 and cysteine 332, which can form disulfide bonds. These bonds maintain the structure of the Oma1 complex [99]. Data indicate that only thiol-containing reductants decrease the proteolytic activity of Oma1. Moreover, the proteases lacking these cysteine residues are less sensitive to reduction [100]. A similar mechanism was found in serine enterobacterial Lon protease, which has been proposed to function as a switch to optimize Lon’s proteolytic activity depending on the redox environment [101]. ROS and RNS often induce the misfolding and aggregation of proteins. Hence, stabilization of the Oma1 structure under oxidative conditions supports proteostasis control under stress.



To summarize, the mechanisms of the redox regulation of cysteine proteases involved in RCD induction have been thoroughly investigated, although the line between cell death induction and cell death execution remains ambiguous. Moreover, other groups of proteases are involved in cell death induction. For instance, granzymes, which belong to the peptidase family S1 (chymotrypsin family) of clan PA [36], can eliminate virally infected and malignant cells [102]. Unraveling the mechanisms of redox regulation of this group of proteases is still needed.




3.2.2. Plant RCD


Different methods of inducing cell death lead to different kinds of RCD. Plant RCD is usually divided into two types: developmental and pathogen-triggered (dRCD and pRCD) [103,104]. ROS and calcium initiate execution directly in dRCD or via salicylic acid (SA) production in pRCD. Proteolytic enzymes, such as metacaspases, phytaspases, saspases, UPS, and vacuolar processing enzymes (VPEs), which have caspase-like activity, act as executors [105]. Autophagy is also involved in plant RCD as an effector of pPCD and as a corpse clearance mechanism during dPCD [106].



Although ROS and proteases were shown to take part in plant RCD [107], only one mechanism of redox regulation is currently known for the proteolytic enzymes involved in plant RCD. Metacaspase 5 from the diatom Phaeodactylum tricornutum (PtMC5) most likely belongs to the peptidase family C14 (caspase family) of clan CD [36]. Its role in algae is still elusive. However, it was reported that PtMC5 contains potential disulfide-forming cysteines, which are conserved in diatom type III metacaspases. The mutagenesis of these residues decreases PtMC5 activity, indicating redox regulation. It was suggested that ROS oxidize these cysteines, inducing disulfide bond formation, thereby increasing PtMC5 activity. This PTM leads to the execution of an RCD pathway [108]. Hence, this mechanism could be a link between ROS accumulation during the RCD induction phase and protease activation to start the execution phase [109].




3.2.3. Apoptosis


Apoptosis is the most commonly investigated kind of RCD promoted by caspases. Caspases are peptidases from family C14 (caspase family) of clan CD [36] and play essential roles in the initiation and execution phases of apoptosis. Caspases 2, 8, 9, and 10 mediate the initiation phase, and caspases 3, 6, and 7 mediate the execution phase of apoptosis. They serve as primary effectors of the proteolytic destruction of most cellular structures, including the cytoskeleton, cell junctions, mitochondria, endoplasmic reticulum, Golgi apparatus, and nucleus [110]. Caspases are optionally involved in the induction and execution stages of lysosome-dependent cell death and pyroptosis, as well [33]. However, there are no reports of redox regulation in these processes.



There is some evidence that caspase activity is controlled by post-translational modifications, such as oxidation, nitrosation, and glutathionylation, of catalytic site cysteine residues [111]. The H2O2-mediated redox-dependent intramitochondrial autoactivation of caspase 9 has been demonstrated in U937 cells where procaspase 9 dimerization was induced by thiol–disulfide bond formation. This process was inhibited by Trx [112]. Procaspase 9 is activated in the preapoptotic phase before cytochrome c release and, therefore, may amplify the proapoptotic effect of cytochrome c [112]. On the other hand, there are reports that H2O2 inactivates caspase 9 through the oxidation of cysteine residue in the active site of the enzyme via a process catalyzed by iron [113]. H2O2 also induces the reversible inactivation of caspases 3 and 8 by oxidizing their catalytic site cysteines [114]. In vitro studies showed that singlet oxygen derived from MNPE irreversibly inhibited cysteine in the active site of caspase 3 [86].



Low levels of NO have been shown to exert antiapoptotic effects via the S-nitrosation of a single cysteine residue at the catalytic sites of caspases [115,116]. Seven members of the caspase family have been shown to be inhibited by this mechanism [117]. The cellular sites of caspase nitrosation/denitrosation have not been fully investigated, but mitochondria are reportedly key locations for S-nitrosation reactions [118]. Studies on inhuman umbilical vein endothelial cells using electron spin resonance spectroscopy showed that the S-nitrosation of cysteine 163 of caspase 3 inhibits protease and prevents the caspase 3 mediated apoptotic cascade [119]. In hepatocytes, NO blocks Bid activation through the S-nitrosation of caspase 8 and prevents tumor necrosis factor alpha (TNFα)-induced mitochondrial apoptosis signaling [120,121,122]. Additionally, NO donors were found to inhibit the proper assembly of the Apaf-1/caspase 9 apoptosome complex and caspase 9 activation [120,121,122]. At the same time, it was reported that denitrosation is proapoptotic. For instance, denitrosation of procaspase 3 and procaspase 9 was shown to be associated with proteolytic enzyme activation in Fas-mediated [123] and cytokine-induced [124] apoptosis.



Apart from ROS and RNS, GSH takes part in the redox regulation of caspase activity through S-glutathionylation. The S-glutathionylation of caspase 3 increases the stability of the protease and decreases its accessibility for proteolytic cleavage. Moreover, the S-glutathionylation of catalytic cysteine in caspase 3 results in the inhibition of caspase activation and activity [125]. Altogether, this leads to apoptosis resistance. Conversely, it was demonstrated that the deglutathionylation of caspase 3 increases caspase 3 activity and TNFα-induced endothelial cell apoptosis [126]. The reversible glutathionylation of caspase 3 is mediated by TNFα-induced glutaredoxin during TNFα-mediated cell apoptosis [127].



Since caspases are cysteine proteases, they are highly sensitive to inhibition by the PTMs of catalytic cysteine. At the same time, ROS can induce their activation. It will be necessary to determine how these contradictory mechanisms coordinate during apoptosis. Additionally, it would be helpful to determine the mechanisms of redox regulation for the other proteases that promote apoptosis. For instance, it was shown that proteasome inhibitors induce oxidative stress, which in turn leads to apoptosis [128].




3.2.4. Autophagy


In contrast to apoptosis, the autophagy machinery is associated with cell survival in selective autophagy. This process requires the formation of double-membrane vesicles and an autophagosome for the hydrolysis of dysfunctional organelles and misfolded or aggregated proteins. This provides cells with molecular building blocks during periods of nutrient deprivation [129]. Autophagy-dependent cell death is a pathway for cellular self-digestion. It is mediated by the formation of autophagosomes, which confine cellular components and deliver them to the lysosomes for hydrolysis. This autophagy machinery is also used for entotic cell death, which is a form of mammalian cell cannibalism, and immunogenic cell death, which is necessary to activate an adaptive immune response specific to antigens expressed by dying cells [33].



Autophagy is mediated by dozens of autophagy-related (ATG) proteins. The 15 core genes encoding ATG proteins in yeast are conserved in mammals, indicating that autophagy is an evolutionarily conserved process [130]. Among them, ATG4 is the sole protease from peptidase family C54 (Aut2 peptidase family) of clan CA [36]. It regulates autophagy through the processing and deconjugating of the ATG8/LC3 protein [131]. The processing of ATG8/LC3 by ATG4 exposes a glycine residue at the C-terminus of ATG8/LC3 for further conjugation with phosphatidylethanolamine (PE). This is crucial for autophagosome formation. The deconjugation of ATG8/LC3-PE by ATG4 recycles ATG8/LC3 for the next round of the conjugation reactions. Therefore, ATG4 can act as both a conjugating and deconjugating enzyme, and the fine regulation of these two activities is essential for the normal function of autophagy.



At present, ATG4 is the only ATG protein whose activity has been shown to be redox regulated [132,133]. In humans, H2O2 inhibits ATG4A and ATG4B through cysteine 81 oxidation, which results in either the shielding of nearby catalytic cysteine 77 or the formation of a disulfide bond between cysteines 77 and 81 [132]. The same mechanism of ATG4 redox regulation was also found in other organisms. Different assays showed that the redox regulation of ATG4 in Saccharomyces cerevisiae is mediated by a disulfide bond between cysteines 338 and 394. This disulfide has low redox potential and is very efficiently disrupted by Trx reduction [134]. If these cysteines are replaced, ATG4 activity increases, which leads to the accumulation of ATG8-PE. The redox regulation of yeast ATG4 may, therefore, be crucial for controlling the equilibrium between free ATG8 and ATG8-PE and, thereby, the initiation of phagophore assembly site formation [134]. The incubation of prereduced ATG4 protein with S-nitrosoglutathione (GSNO) results in ATG4 activity inhibition. This is completely reversed by DTT but not by another RSNO-specific electron donor, such as ascorbate, again supporting the formation of a disulfide bond. Since the disulfide bond is situated near the active site, it may restrain access to the catalytic cysteine and prevent ATG8 binding [134]. A similar mechanism was also shown in other organisms, such as green alga Chlamydomonas reinhardtii. C. reinhardtii ATG4 has a single disulfide bond with low redox potential. Its reduction by NADPH and Trx regulates the activity of the protease. Norflurazon inhibits carotenoid biosynthesis, generates reactive oxygen species, and triggers autophagy in C. reinhardtii. It promotes the oxidation and aggregation of ATG4. The inhibition of ATG4 under stress conditions leads to the lipidation of ATG8 and thus autophagy progression in C. reinhardtii [135]. This mode of regulation was also shown in other Trx-regulated enzymes [136,137]. The activity of Arabidopsis thaliana ATG4a and ATG4b is also reversibly inhibited by oxidation [133]. However, the underlying molecular mechanisms have not yet been reported.



Taken together, the data indicate that ATG4 is inactive under stress conditions to prevent delipidation of ATG8/LC3 at the site of autophagosome formation. However, since ATG4 is also crucial for ATG8/LC3 lipidation, it is important to investigate how the redox regulation of ATG4 depends on time and space. Lysosomal proteases, which were described previously, participate directly in the execution of autophagy. Their dysregulation by oxidative stress may inhibit autophagy and thus prevent cell survival.



To conclude, the redox regulation of proteolytic enzymes involved in RCD is important. The cell response to oxidative stress should be dose-dependent. Low concentrations of ROS ought to induce cell-survival pathways. However, RCD is necessary in excessive oxidation to avoid ACD, which often causes inflammation in nearby cells. Hence, redox-sensitive proteolytic enzymes act as indicators of the amount of ROS, thereby inducing appropriate signaling pathways. The redox regulation of apoptosis and autophagy have investigated the most thoroughly in the literature. Therefore, it will be necessary to conduct research on the redox regulation of proteolytic enzymes for other kinds of RCD, such as NETotic cell death, which is believed to be an ROS-dependent modality of RCD restricted to cells of hematopoietic derivation [33].





3.3. Redox Regulation of Proteases Involved in Inflammation


Cell death is closely related to inflammation since it can either induce or be induced by inflammation. Inflammation occurs in response to various factors, such as infection, tissue injury, or cardiac infarction [138]. Infectious inflammation is promoted to protect host tissues from invading microorganisms, such as bacteria and viruses. However, many pathogens have evolved to subvert host cellular processes, including autophagy machinery and caspases, to further propagate infection [139]. This mechanism often involves proteases of the pathogen; hence, their inhibition can defend the host organism.



A range of viral and parasitic proteases are inhibited through NO-mediated modifications of catalytic cysteine. Different NO donors dose-dependently inhibit PLCP (peptidase family C1 (papain family), clan CA [36]) falcipain from Plasmodium falciparum trophozoite extract and cruzipain from Trypanosoma cruzi. Falcipain has hemoglobinase activity and takes part in chloroquine-mediated cell death [140]. Cruzipain is involved in parasite nutrition, cell invasion, and immune response evasion [141]. It is likely that these effects are attributable to the S-nitrosation of the cysteine 25 catalytic residues [142,143]. The reversible inactivation of cysteine proteases by nitrosation and oxidation may protect the proteases against more harmful oxidants [56]. Coxsackie viral proteases 2A and 3C belong to the peptidase family C3 (picornain family) of clan PA [36]. They process viral polyprotein and hydrolyze host cell protein to facilitate viral replication [144]. NO donors inhibit them through the S-nitrosation of catalytic cysteines 110 and 147, respectively. These NO-mediated inhibitory effects are dose-dependent and reversed by DTT [145,146].



Over the course of their life cycle, pathogens produce specific molecules known as pathogen-associated molecular patterns (PAMPs). The recognition of PAMPs, as well as damage-associated molecular patterns (DAMPs), results in the assembly of the inflammasome. Inflammasomes are multi-molecular protein complexes that are responsible for the inflammation in immune cells through the activation of caspase 1 (family C14 (caspase family) of clan CD), which, in turn, processes the precursors of pro-inflammatoryinterleukin-1β(IL-1β), IL-18, and other cytokines [147].



NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome formation occurs independent of the UPR but requires the production of ROS and K+ efflux [148], which suggests the involvement of redox regulation in this process. Indeed, the crystal structure of NLRP3 contains a highly conserved disulfide bond between cysteines 8 and 108 connecting the PYD domain and the nucleotide-binding site domain, which are highly sensitive to altered redox states [149]. The disulfide bond is strictly conserved, indicating that it plays a crucial redox role in the regulation of NLRP3 [150]. Since NLRP3 formation is necessary for caspase 1 activation, this mechanism represents the indirect redox regulation of proteolytic enzyme.



Therefore, the currently understood mechanisms of the redox regulation of proteolytic enzymes involved in inflammation relate to cell protection. ROS and RNS inhibit the proteolytic apparatus of the invading pathogens and promote inflammasome formation. However, to the best of our knowledge, caspase 1 is the only host protease involved in inflammation that has been shown to be redox regulated. It is necessary to investigate the redox regulation of other inflammation-related proteases.





4. Extracellular Redox Regulation of Proteolytic Enzymes


4.1. Redox Regulation of Proteases Involved in Inflammation


If the immune system exceeds its capacity, inflammation progresses to a chronic state, which is associated with many diseases, such as allergies, coeliac disease, hepatitis, reperfusion injury, and pulmonary hypertension. These diseases are usually characterized by the excessive production of ROS by inflammatory cells. Superoxide dismutase 3 (SOD3) is an extracellular antioxidant enzyme that converts superoxide radicals into hydrogen peroxide and oxygen. It is susceptible to PTMs by neutrophil-derived HOCl at the inflammatory sites of lung injury. The destabilization of a protein’s structure via the oxidation of the N-terminal region and the formation of intermolecular cross linking increase the protein’s susceptibility to proteolysis by neutrophil-secreted proteases [151]. Apparently, SOD3 is necessary to protect cells from oxidative stress in healthy tissues. However, during inflammation, SOD3 is inhibited for ROS to promote inflammasome formation and cytokine secretion.



Inflammation can be induced by pathogen invasion. In contrast to intracellular pathogens, extracellular ones have to avoid phagocytosis and thus promote extracellular multiplication. Virulence requires proteolysis over the whole infection cycle of the pathogen to facilitate penetration and dissemination. Hence, they enable colonization of the host, combating its defense mechanisms [152]. However, there have been few investigations into the redox regulation mechanisms of proteases produced by extracellular pathogens.




4.2. Redox Regulation of Proteases Involved in Tissue Remodelling


There is increasing evidence for the excessive activity of matrix metalloproteinases (MMPs) in inflammatory diseases and cancer [153]. MMPs belong to the family M10, clan MA [36]. They are represented by zinc-containing enzymes that play a key role in ECM remodeling—the development and maintenance of tissues and organs, as well as the overall morphology of an organism [154,155]. They are also involved in bone remodeling, angiogenesis, immunity, wound healing, and malignant tumor progression [156].



It was shown that a variety of oxidants regulate MMP activity in different inflammatory conditions [157]. The regulation of proteases is carried out allosterically through modifications of cysteine residues, which coordinate metal ions in the catalytic sites of MMPs. PRCGVPDVA is a highly conserved sequence in the prodomain of matrilysin (MMP7). This sequence contains the cysteine that coordinates catalytic Zn2+ and thereby promotes the inactivity of the enzyme. It was shown that HOCl, but not H2O2, converts the thiol in the cysteine residue of pro-MMP7 into sulfinic acid, which leads to the disruption of zinc coordination [157]. The activation of other MMPs engages in similar redox regulation [158]. Pro-MMP2 is also susceptible to redox modifications, such as S-glutathionylation and S-nitrosation [159]. It was shown that peroxynitrite with GSH causes S-glutathionylation of the propeptide cysteine residue, which leads to activation of the enzyme. MMP1, MMP8, and MMP9 have the same mechanism of activation [160]. The activation of MMPs by ROS and RNS is associated with a range of disorders and diseases. Therefore, the redox regulation of MMPs represents redox dysregulation in the case of oxidative stress [161].



MMPs and cathepsins are also involved in tissue turnover in the tumor microenvironment [34,35,49,162,163,164,165]. Although the mechanisms of the redox regulation of proteases in the ECM of cancer are quite ambiguous, there are some prospective directions for research in this field. ROS regulate lysosomal exocytosis in a dose-dependent manner. While moderate levels of ROS stimulate lysosomal exocytosis and thereby increase the amount of proteases in the ECM, pathological levels of ROS inhibit the process [166]. As we already mentioned, cysteine cathepsins are inhibited by ROS and RNS. This counteracts the superfluous levels of ROS in the tumor microenvironment [167]. On the other hand, H2O2 increases the activity of aspartic cathepsin D in pheochromocytoma cells (PC12) [48], which possibly explains the excessive protease activity in the tumor ECM. The pathological activities of cathepsins in the tumor microenvironment promote tumor growth, angiogenesis, and metastasis. Understanding the mechanisms of redox regulation in malignant tumors can support the development of novel therapies for cancer.




4.3. Redox Regulation of Proteases Involved in Shedding


The regulation of complex processes such as inflammation and tissue remodeling requires intracellular signaling. Signal molecules can be emitted from the cell by vesicular transport or ectodomain shedding. Ectodomain shedding releases a variety of proteins, such as cytokines, receptors, and enzymes, which are anchored in the membrane [168].



A disintegrin and metalloprotease domain 17 (ADAM17) is a transmembrane metalloproteinase of peptidase family M12 (astacin/adamalysin family), clan MA [36], which activates the precursors of membrane-anchored proteins by ectodomain shedding [169]. Redox agents and oxidoreductase activity target the sulfhydryl groups of ADAM17. Two vicinal cysteine sulfhydryl motifs (C522XXC and C600XXC) contain redox-sensitive sites in the disintegrin/cysteine-rich region of ADAM17. Oxidation by H2O2 induces disulfide bond formation and switches ADAM17 conformation from less active to fully active. Conversely, DTT mediates the reversible inhibition of the enzyme. This thiol-disulfide conversion within the extracellular portion of ADAM17 may be crucial for the ectodomain shedding of L-selectin upon neutrophil activation [170]. On the other hand, redox modification of ADAM17 may provide a general activation mechanism. Others have reported that treating cells with sulfhydryl-modifying agents induces the ectodomain shedding of TNFα receptors [171,172]. L-selectin and TNFα are important for immune response and inflammation, so their activation by redox-sensitive ADAM17 may provide a protective mechanism to counter oxidative stress.




4.4. Redox Regulation of Proteases Involved in Digestion


Inflammation is usually initiated as a result of a hypersensitive immune reaction to exogenic molecules. The proteolytic digestion of the exogenic proteins in multicellular organisms starts in the gastrointestinal tract. Pepsin is an aspartic protease of peptidase family A1 (pepsin family), clan AA [36], responsible for peptide bond digestion in the acidic conditions of the stomach. Despite the importance of this enzyme for the hydrolysis of proteins, there are no reports on its susceptibility to redox regulation. Trypsin and chymotrypsin are serine proteases that belong to peptidase family S1 (chymotrypsin family), clan PA [36]. They are produced by the pancreas and are then activated in the small intestine, where they play a principal role in protein digestion. The singlet oxygen derived from MNPE irreversibly inhibits bovine trypsin and chymotrypsin in vitro. The mechanism of this process has not been revealed, but histidine and serine residues of a catalytic triad were suggested to be possible targets of oxidation [86].



The redox regulation of homeostasis outside the cell can either increase the damaging effect of oxidative stress or induce protective mechanisms during inflammation. An investigation into the new redox-mediated PTMs of proteolytic enzymes is necessary to obtain a deeper understanding of the interactions among these processes. This should help in treating many inflammatory disorders. It would also be useful to compare these interactions with the redox regulation mechanisms of proteases in healthy tissues and to conduct investigations of the underlying mechanisms of trypsin and chymotrypsin inhibition.





5. Directions for Future Research


Herein, we discussed recent discoveries in cellular and tissue homeostasis and redox regulation. ROS and RNS can cause oxidative stress and induce multiple age-related diseases. However, accumulating data indicate that ROS and RNS act as secondary messengers in the signaling cascades involved in the determination of cell fate. The redox regulation of proteolytic enzymes leads to shifts in cell proteostasis. ROS, RNS, and GSH modify the intracellular and intercellular proteases regulating proteolytic activity. Redox-mediated PTMs can inhibit or activate proteases, promote autocatalysis or aggregation, and maintain the structure of the enzyme (Figure 2).



Considering all of the findings supporting the redox regulation of proteolytic enzymes, it is clear that this research area is quite ambiguous. Firstly, much of the research lacks either data on the molecular mechanisms of PTMs by ROS and RNS or data concerning the homeostatic impact of the observed modifications. Secondly, some proteases are reported to be inhibited and activated by the same compounds. However, there is no work investigating both effects at once. Thirdly, to the best of our knowledge, the only redox-mediated modifications of proteases that have yet been investigated are modifications of cysteine amino acid residues. Hence, studies on the redox regulation of cysteine proteolytic enzymes prevail over studies on other families of proteases.



Redox-mediated post-translational modifications of cysteines can either inhibit or activate proteolytic enzymes (Figure 2). Catalytic cysteine thiol is necessary for protein digestion by cysteine proteases, so the PTMs of catalytic cysteine inhibit this group of proteolytic enzymes. Cysteine thiols are also able to coordinate metal ions, so cysteines in a prodomain of metalloprotease inhibit the activity of the enzyme. Therefore, the PTMs of these cysteines lead to the activation of the enzyme. Cysteine disulfides stabilize the tertiary structure of many proteins and, in some cases, are the only type of interaction maintaining the protein fold. Hence, their destruction by reducing compounds causes a decrease or inhibition of catalytic activity. However, if the disulfide bond localizes near catalytic amino acid residue, it can prevent substrate binding.



The amount of data concerning the redox regulation of proteolytic enzymes has dramatically increased during the last 20 years. At present, there is no doubt that ROS and RNS have both physiological and pathological functions. However, researchers still face many challenges. The line between the damaging oxidation of proteins over the course of oxidative stress and redox regulation mediated by PTMs is quite faint. The oxidation of proteolytic enzymes can either induce or inhibit the signaling pathways that determine processes like cell fate and tissue remodeling. Further research into the exact redox-mediated PTMs in proteases will provide the tools for investigating the redox regulation of other proteases and signaling cascades. Alterations to proteolysis during oxidative stress can induce either protein aggregation or superfluous protein hydrolysis. Although proteostasis plays a crucial role in various neurodegenerative and age-related diseases, there is a lack of data linking these disorders to the redox regulation of proteolytic enzymes. Further investigations into oxidation-mediated PTMs and a definition of their roles in various inflammatory and age-related diseases could promote the development of novel therapeutics.







Funding


This research was funded by the Russian Science Foundation, grant number 16-15-10410.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schwartsburd, P.M. Catabolic and anabolic faces of insulin resistance and their disorders: A new insight into circadian control of metabolic disorders leading to diabetes. Future Sci. OA 2017, 3, FSO201. [Google Scholar] [CrossRef]

	



Bird, P.I.; Trapani, J.A.; Villadangos, J.A. Endolysosomal proteases and their inhibitors in immunity. Nat. Rev. Immunol. 2009, 9, 871–882. [Google Scholar] [CrossRef]

	



Keshet, Y.; Seger, R. The MAP kinase signaling cascades: A system of hundreds of components regulates a diverse array of physiological functions. Methods Mol. Biol. 2010, 661, 3–38. [Google Scholar]

	



Van Sluijters, D.A.; Dubbelhuis, P.F.; Blommaart, E.F.; Meijer, A.J. Amino-acid-dependent signal transduction. Biochem. J. 2000, 351 Pt 3, 545–550. [Google Scholar] [CrossRef] [PubMed]

	



Clapham, D.E. Calcium signaling. Cell 2007, 131, 1047–1058. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxid. Med. Cell. Longev. 2016, 2016, 4350965. [Google Scholar] [CrossRef]

	



Andersson, K.-E. Oxidative stress and its possible relation to lower urinary tract functional pathology. BJU Int. 2018, 121, 527–533. [Google Scholar] [CrossRef]

	



Sarniak, A.; Lipińska, J.; Tytman, K.; Lipińska, S. Endogenous mechanisms of reactive oxygen species (ROS) generation. Postep. Hig. Med. Dosw. Online 2016, 70, 1150–1165. [Google Scholar] [CrossRef]

	



Phaniendra, A.; Jestadi, D.B.; Periyasamy, L. Free radicals: Properties, sources, targets, and their implication in various diseases. Indian J. Clin. Biochem. 2015, 30, 11–26. [Google Scholar] [CrossRef]

	



Ward-Caviness, C.K.; Nwanaji-Enwerem, J.C.; Wolf, K.; Wahl, S.; Colicino, E.; Trevisi, L.; Kloog, I.; Just, A.C.; Vokonas, P.; Cyrys, J.; et al. Long-term exposure to air pollution is associated with biological aging. Oncotarget 2016, 7, 74510–74525. [Google Scholar] [CrossRef]

	



Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; Bonaduce, D.; et al. Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [Google Scholar] [CrossRef]

	



Burton, G.J.; Jauniaux, E. Oxidative stress. Best Pract. Res. Clin. Obstet. Gynaecol. 2011, 25, 287–299. [Google Scholar] [CrossRef]

	



Gire, V.; Dulic, V. Senescence from G2 arrest, revisited. Cell Cycle 2015, 14, 297–304. [Google Scholar] [CrossRef]

	



Wallace, D.C. Mitochondrial diseases in man and mouse. Science 1999, 283, 1482–1488. [Google Scholar] [CrossRef]

	



Hipp, M.S.; Kasturi, P.; Hartl, F.U. The proteostasis network and its decline in ageing. Nat. Rev. Mol. Cell Biol. 2019, 20, 421–435. [Google Scholar] [CrossRef]

	



Rudzińska, M.; Parodi, A.; Balakireva, A.V.; Chepikova, O.E.; Venanzi, F.M.; Zamyatnin, A.A. Cellular Aging Characteristics and Their Association with Age-Related Disorders. Antioxidants 2020, 9, 94. [Google Scholar] [CrossRef]

	



Moreau, K.L.; King, J.A. Protein misfolding and aggregation in cataract disease and prospects for prevention. Trends Mol. Med. 2012, 18, 273–282. [Google Scholar] [CrossRef]

	



Smuder, A.J.; Kavazis, A.N.; Hudson, M.B.; Nelson, W.B.; Powers, S.K. Oxidation enhances myofibrillar protein degradation via calpain and caspase-3. Free Radic. Biol. Med. 2010, 49, 1152–1160. [Google Scholar] [CrossRef]

	



Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453–R462. [Google Scholar] [CrossRef]

	



Espinosa-Diez, C.; Miguel, V.; Mennerich, D.; Kietzmann, T.; Sánchez-Pérez, P.; Cadenas, S.; Lamas, S. Antioxidant responses and cellular adjustments to oxidative stress. Redox Biol. 2015, 6, 183–197. [Google Scholar] [CrossRef]

	



Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [Google Scholar] [CrossRef] [PubMed]

	



Zaffagnini, M.; Fermani, S.; Costa, A.; Lemaire, S.D.; Trost, P. Plant cytoplasmic GAPDH: Redox post-translational modifications and moonlighting properties. Front. Plant Sci. 2013, 4, 450. [Google Scholar] [CrossRef] [PubMed]

	



Michelet, L.; Zaffagnini, M.; Morisse, S.; Sparla, F.; Pérez-Pérez, M.E.; Francia, F.; Danon, A.; Marchand, C.H.; Fermani, S.; Trost, P.; et al. Redox regulation of the Calvin-Benson cycle: Something old, something new. Front. Plant Sci. 2013, 4, 470. [Google Scholar] [CrossRef]

	



Rinalducci, S.; Murgiano, L.; Zolla, L. Redox proteomics: Basic principles and future perspectives for the detection of protein oxidation in plants. J. Exp. Bot. 2008, 59, 3781–3801. [Google Scholar] [CrossRef] [PubMed]

	



Stadtman, E.R. Protein oxidation and aging. Free Radic. Res. 2006, 40, 1250–1258. [Google Scholar] [CrossRef] [PubMed]

	



Ulusoy, S.; Ulusoy, H.I.; Pleissner, D.; Eriksen, N.T. Nitrosation and analysis of amino acid derivatives by isocratic HPLC. RSC Adv. 2016, 6, 13120–13128. [Google Scholar] [CrossRef]

	



Gow, A.J.; Farkouh, C.R.; Munson, D.A.; Posencheg, M.A.; Ischiropoulos, H. Biological significance of nitric oxide-mediated protein modifications. Am. J. Physiol. Lung Cell. Mol. Physiol. 2004, 287, L262–L268. [Google Scholar] [CrossRef]

	



Ying, J.; Clavreul, N.; Sethuraman, M.; Adachi, T.; Cohen, R.A. Thiol oxidation in signaling and response to stress: Detection and quantification of physiological and pathophysiological thiol modifications. Free Radic. Biol. Med. 2007, 43, 1099–1108. [Google Scholar] [CrossRef]

	



Akter, S.; Fu, L.; Jung, Y.; Lo Conte, M.; Lawson, J.R.; Lowther, W.T.; Sun, R.; Liu, K.; Yang, J.; Carroll, K.S. Chemical proteomics reveals new targets of cysteine sulfinic acid reductase. Nat. Chem. Biol. 2018, 14, 995–1004. [Google Scholar] [CrossRef]

	



Xiong, Y.; Uys, J.D.; Tew, K.D.; Townsend, D.M. S-glutathionylation: From molecular mechanisms to health outcomes. Antioxid. Redox Signal. 2011, 15, 233–270. [Google Scholar] [CrossRef]

	



Ciechanover, A. Intracellular protein degradation: From a vague idea, through the lysosome and the ubiquitin-proteasome system, and onto human diseases and drug targeting (Nobel lecture). Angew. Chem. Int. Ed. Engl. 2005, 44, 5944–5967. [Google Scholar] [CrossRef]

	



Müller, S.; Dennemärker, J.; Reinheckel, T. Specific functions of lysosomal proteases in endocytic and autophagic pathways. Biochim. Biophys. Acta 2012, 1824, 34–43. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.; et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Differ. 2018, 25, 486–541. [Google Scholar] [CrossRef]

	



Petushkova, A.I.; Savvateeva, L.V.; Korolev, D.O.; Zamyatnin, A.A. Cysteine cathepsins: Potential applications in diagnostics and therapy of malignant tumors. Biochemistry 2019, 84, 746–761. [Google Scholar] [CrossRef]

	



Soond, S.M.; Kozhevnikova, M.V.; Zamyatnin, A.A. ‘Patchiness’ and basic cancer research: Unravelling the proteases. Cell Cycle 2019, 18, 1687–1701. [Google Scholar] [CrossRef]

	



Rawlings, N.D.; Barrett, A.J.; Thomas, P.D.; Huang, X.; Bateman, A.; Finn, R.D. The MEROPS database of proteolytic enzymes, their substrates and inhibitors in 2017 and a comparison with peptidases in the PANTHER database. Nucleic Acids Res. 2018, 46, D624–D632. [Google Scholar] [CrossRef]

	



Fernández-Lucas, J.; Castañeda, D.; Hormigo, D. New trends for a classical enzyme: Papain, a biotechnological success story in the food industry. Trends Food Sci. Technol. 2017, 68, 91–101. [Google Scholar] [CrossRef]

	



Balakireva, A.V.; Kuznetsova, N.V.; Petushkova, A.I.; Savvateeva, L.V.; Zamyatnin, A.A., Jr. Trends and Prospects of Plant Proteases in Therapeutics. Curr. Med. Chem. 2019, 26, 465–486. [Google Scholar] [CrossRef]

	



Xian, M.; Chen, X.; Liu, Z.; Wang, K.; Wang, P.G. Inhibition of papain by S-nitrosothiols. Formation of mixed disulfides. J. Biol. Chem. 2000, 275, 20467–20473. [Google Scholar] [CrossRef]

	



Saftig, P.; Hunziker, E.; Everts, V.; Jones, S.; Boyde, A.; Wehmeyer, O.; Suter, A.; von Figura, K. Functions of cathepsin K in bone resorption. Lessons from cathepsin K deficient mice. Adv. Exp. Med. Biol. 2000, 477, 293–303. [Google Scholar]

	



Mort, J.S.; Buttle, D.J. Cathepsin B. Int. J. Biochem. Cell Biol. 1997, 29, 715–720. [Google Scholar] [CrossRef]

	



Turk, D.; Podobnik, M.; Popovic, T.; Katunuma, N.; Bode, W.; Huber, R.; Turk, V. Crystal structure of cathepsin B inhibited with CA030 at 2.0-A resolution: A basis for the design of specific epoxysuccinyl inhibitors. Biochemistry 1995, 34, 4791–4797. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, S.K.; Halbert, S.M.; Bossard, M.J.; Tomaszek, T.A.; Levy, M.A.; Zhao, B.; Smith, W.W.; Abdel-Meguid, S.S.; Janson, C.A.; D’Alessio, K.J.; et al. Design of potent and selective human cathepsin K inhibitors that span the active site. Proc. Natl. Acad. Sci. USA 1997, 94, 14249–14254. [Google Scholar] [CrossRef] [PubMed]

	



Savvateeva, L.V.; Gorokhovets, N.V.; Makarov, V.A.; Serebryakova, M.V.; Solovyev, A.G.; Morozov, S.Y.; Reddy, V.P.; Zernii, E.Y.; Zamyatnin, A.A.; Aliev, G. Glutenase and collagenase activities of wheat cysteine protease Triticain-α: Feasibility for enzymatic therapy assays. Int. J. Biochem. Cell Biol. 2015, 62, 115–124. [Google Scholar] [CrossRef]

	



Gorokhovets, N.V.; Makarov, V.A.; Petushkova, A.I.; Prokopets, O.S.; Rubtsov, M.A.; Savvateeva, L.V.; Zernii, E.Y.; Zamyatnin, A.A. Rational design of recombinant papain-like cysteine protease: Optimal domain structure and expression conditions for wheat-derived enzyme Triticain-α. Int. J. Mol. Sci. 2017, 18, 1395. [Google Scholar] [CrossRef]

	



Makarov, V.A.; Tikhomirova, N.K.; Savvateeva, L.V.; Petushkova, A.I.; Serebryakova, M.V.; Baksheeva, V.E.; Gorokhovets, N.V.; Zernii, E.Y.; Zamyatnin, A.A. Novel applications of modification of thiol enzymes and redox-regulated proteins using S-methyl methanethiosulfonate (MMTS). Biochim. Biophys. Acta Proteins Proteom. 2019, 1867, 140259. [Google Scholar] [CrossRef]

	



Benes, P.; Vetvicka, V.; Fusek, M. Cathepsin D--many functions of one aspartic protease. Crit. Rev. Oncol. Hematol. 2008, 68, 12–28. [Google Scholar] [CrossRef]

	



Lee, D.C.; Mason, C.W.; Goodman, C.B.; Holder, M.S.; Kirksey, O.W.; Womble, T.A.; Severs, W.B.; Palm, D.E. Hydrogen peroxide induces lysosomal protease alterations in PC12 cells. Neurochem. Res. 2007, 32, 1499–1510. [Google Scholar] [CrossRef]

	



Turk, V.; Stoka, V.; Vasiljeva, O.; Renko, M.; Sun, T.; Turk, B.; Turk, D. Cysteine cathepsins: From structure, function and regulation to new frontiers. Biochim. Biophys. Acta Proteins Proteom. 2012, 1824, 68–88. [Google Scholar] [CrossRef]

	



Godat, E.; Hervé-Grvépinet, V.; Veillard, F.; Lecaille, F.; Belghazi, M.; Brömme, D.; Lalmanach, G. Regulation of cathepsin K activity by hydrogen peroxide. Biol. Chem. 2008, 389, 1123–1126. [Google Scholar] [CrossRef]

	



Wartenberg, M.; Andrault, P.-M.; Saidi, A.; Bigot, P.; Nadal-Desbarats, L.; Lecaille, F.; Lalmanach, G. Oxidation of cathepsin S by major chemicals of cigarette smoke. Free Radic. Biol. Med. 2020, 150, 53–65. [Google Scholar] [CrossRef] [PubMed]

	



Nagakannan, P.; Eftekharpour, E. Differential redox sensitivity of cathepsin B and L holds the key to autophagy-apoptosis interplay after Thioredoxin reductase inhibition in nutritionally stressed SH-SY5Y cells. Free Radic. Biol. Med. 2017, 108, 819–831. [Google Scholar] [CrossRef] [PubMed]

	



Nagaoka, Y.; Otsu, K.; Okada, F.; Sato, K.; Ohba, Y.; Kotani, N.; Fujii, J. Specific inactivation of cysteine protease-type cathepsin by singlet oxygen generated from naphthalene endoperoxides. Biochem. Biophys. Res. Commun. 2005, 331, 215–223. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, J.; Dunlop, R.A.; Rodgers, K.J.; Davies, M.J. Evidence for inactivation of cysteine proteases by reactive carbonyls via glycation of active site thiols. Biochem. J. 2006, 398, 197–206. [Google Scholar] [CrossRef]

	



Lalmanach, G.; Saidi, A.; Bigot, P.; Chazeirat, T. Regulation of the proteolytic activity of cysteine cathepsins by oxidants regulation of the proteolytic activity of cysteine cathepsins by oxidants. Int. J. Mol. Sci. 2020, 21, 1944. [Google Scholar] [CrossRef]

	



Väänänen, A.J.; Kankuri, E.; Rauhala, P. Nitric oxide-related species-induced protein oxidation: Reversible, irreversible, and protective effects on enzyme function of papain. Free Radic. Biol. Med. 2005, 38, 1102–1111. [Google Scholar] [CrossRef]

	



Höhn, T.J.A.; Grune, T. The proteasome and the degradation of oxidized proteins: Part III-Redox regulation of the proteasomal system. Redox Biol. 2014, 2, 388–394. [Google Scholar]

	



Silva, G.M.; Netto, L.E.; Simões, V.; Santos, L.F.A.; Gozzo, F.C.; Demasi, M.A.A.; Oliveira, C.L.P.; Bicev, R.N.; Klitzke, C.F.; Sogayar, M.C.; et al. Redox control of 20S proteasome gating. Antioxid. Redox Signal. 2012, 16, 1183–1194. [Google Scholar] [CrossRef]

	



Grune, T.; Reinheckel, T.; Davies, K.J. Degradation of oxidized proteins in mammalian cells. FASEB J. 1997, 11, 526–534. [Google Scholar] [CrossRef]

	



Shringarpure, R.; Grune, T.; Davies, K.J. Protein oxidation and 20S proteasome-dependent proteolysis in mammalian cells. Cell. Mol. Life Sci. 2001, 58, 1442–1450. [Google Scholar] [CrossRef]

	



Pickering, A.M.; Koop, A.L.; Teoh, C.Y.; Ermak, G.; Grune, T.; Davies, K.J.A. The immunoproteasome, the 20S proteasome and the PA28αβ proteasome regulator are oxidative-stress-adaptive proteolytic complexes. Biochem. J. 2010, 432, 585–594. [Google Scholar] [CrossRef]

	



Shang, F.; Taylor, A. Oxidative stress and recovery from oxidative stress are associated with altered ubiquitin conjugating and proteolytic activities in bovine lens epithelial cells. Biochem. J. 1995, 307 Pt 1, 297–303. [Google Scholar] [CrossRef]

	



Reinheckel, T.; Sitte, N.; Ullrich, O.; Kuckelkorn, U.; Davies, K.J.; Grune, T. Comparative resistance of the 20S and 26S proteasome to oxidative stress. Biochem. J. 1998, 335 Pt 3, 637–642. [Google Scholar] [CrossRef]

	



Reinheckel, T.; Ullrich, O.; Sitte, N.; Grune, T. Differential impairment of 20S and 26S proteasome activities in human hematopoietic K562 cells during oxidative stress. Arch. Biochem. Biophys. 2000, 377, 65–68. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhou, J.; Fernandes, A.F.; Sparrow, J.R.; Pereira, P.; Taylor, A.; Shang, F. The proteasome: A target of oxidative damage in cultured human retina pigment epithelial cells. Investig. Ophthalmol. Vis. Sci. 2008, 49, 3622–3630. [Google Scholar] [CrossRef]

	



Livnat-Levanon, N.; Kevei, É.; Kleifeld, O.; Krutauz, D.; Segref, A.; Rinaldi, T.; Erpapazoglou, Z.; Cohen, M.; Reis, N.; Hoppe, T.; et al. Reversible 26S proteasome disassembly upon mitochondrial stress. Cell Rep. 2014, 7, 1371–1380. [Google Scholar] [CrossRef]

	



Dudek, E.J.; Shang, F.; Valverde, P.; Liu, Q.; Hobbs, M.; Taylor, A. Selectivity of the ubiquitin pathway for oxidatively modified proteins: Relevance to protein precipitation diseases. FASEB J. 2005, 19, 1707–1709. [Google Scholar] [CrossRef]

	



Lee, B.-H.; Lee, M.J.; Park, S.; Oh, D.-C.; Elsasser, S.; Chen, P.-C.; Gartner, C.; Dimova, N.; Hanna, J.; Gygi, S.P.; et al. Enhancement of proteasome activity by a small-molecule inhibitor of USP14. Nature 2010, 467, 179–184. [Google Scholar] [CrossRef]

	



Cotto-Rios, X.M.; Békés, M.; Chapman, J.; Ueberheide, B.; Huang, T.T. Deubiquitinases as a signaling target of oxidative stress. Cell Rep. 2012, 2, 1475–1484. [Google Scholar] [CrossRef]

	



Kulathu, Y.; Garcia, F.J.; Mevissen, T.E.; Busch, M.; Arnaudo, N.; Carroll, K.S.; Barford, D.; Komander, D. Regulation of A20 and other OTU deubiquitinases by reversible oxidation. Nat. Commun. 2013, 4, 1569. [Google Scholar] [CrossRef]

	



Lee, J.; Baek, K.; Soetandyo, N.; Ye, Y. Reversible inactivation of deubiquitinases by reactive oxygen species in vitro and in cells. Nat. Commun. 2013, 4, 1568. [Google Scholar] [CrossRef]

	



Taherbhoy, A.M.; Schulman, B.A.; Kaiser, S.E. Ubiquitin-like modifiers. Essays Biochem. 2012, 52, 51–63. [Google Scholar]

	



Hay, R.T. SUMO: A history of modification. Mol. Cell 2005, 18, 1–12. [Google Scholar] [CrossRef]

	



Mossessova, E.; Lima, C.D. Ulp1-SUMO crystal structure and genetic analysis reveal conserved interactions and a regulatory element essential for cell growth in yeast. Mol. Cell 2000, 5, 865–876. [Google Scholar] [CrossRef]

	



Xu, Z.; Lam, L.S.; Lam, L.H.; Chau, S.F.; Ng, T.B.; Au, S.W. Molecular basis of the redox regulation of SUMO proteases: A protective mechanism of intermolecular disulfide linkage against irreversible sulfhydryl oxidation. FASEB J. 2008, 22, 127–137. [Google Scholar] [CrossRef]

	



Ni, H.-M.; Williams, J.A.; Ding, W.-X. Mitochondrial dynamics and mitochondrial quality control. Redox Biol. 2015, 4, 6–13. [Google Scholar] [CrossRef]

	



Smith, M.A.; Schnellmann, R.G. Calpains, mitochondria, and apoptosis. Cardiovasc. Res. 2012, 96, 32–37. [Google Scholar] [CrossRef]

	



Guttmann, R.P.; Elce, J.S.; Bell, P.D.; Isbell, J.C.; Johnson, G.V. Oxidation inhibits substrate proteolysis by calpain I but not autolysis. J. Biol. Chem. 1997, 272, 2005–2012. [Google Scholar] [CrossRef]

	



Guttmann, R.P.; Johnson, G.V. Oxidative stress inhibits calpain activity in situ. J. Biol. Chem. 1998, 273, 13331–13338. [Google Scholar] [CrossRef]

	



Michetti, M.; Salamino, F.; Melloni, E.; Pontremoli, S. Reversible inactivation of calpain isoforms by nitric oxide. Biochem. Biophys. Res. Commun. 1995, 207, 1009–1014. [Google Scholar] [CrossRef]

	



Randriamboavonjy, V.; Pistrosch, F.; Bölck, B.; Schwinger, R.H.G.; Dixit, M.; Badenhoop, K.; Cohen, R.A.; Busse, R.; Fleming, I. Platelet sarcoplasmic endoplasmic reticulum Ca2+-ATPase and mu-calpain activity are altered in type 2 diabetes mellitus and restored by rosiglitazone. Circulation 2008, 117, 52–60. [Google Scholar] [CrossRef] [PubMed]

	



Norberg, E.; Gogvadze, V.; Vakifahmetoglu, H.; Orrenius, S.; Zhivotovsky, B. Oxidative modification sensitizes mitochondrial apoptosis-inducing factor to calpain-mediated processing. Free Radic. Biol. Med. 2010, 48, 791–797. [Google Scholar] [CrossRef]

	



Hu, H.; Li, X.; Li, Y.; Wang, L.; Mehta, S.; Feng, Q.; Chen, R.; Peng, T. Calpain-1 induces apoptosis in pulmonary microvascular endothelial cells under septic conditions. Microvasc. Res. 2009, 78, 33–39. [Google Scholar] [CrossRef] [PubMed]

	



Whidden, M.A.; Smuder, A.J.; Wu, M.; Hudson, M.B.; Nelson, W.B.; Powers, S.K. Oxidative stress is required for mechanical ventilation-induced protease activation in the diaphragm. J. Appl. Physiol. 2010, 108, 1376–1382. [Google Scholar] [CrossRef] [PubMed]

	



Lametsch, R.; Lonergan, S.; Huff-Lonergan, E. Disulfide bond within mu-calpain active site inhibits activity and autolysis. Biochim. Biophys. Acta 2008, 1784, 1215–1221. [Google Scholar] [CrossRef]

	



Suto, D.; Iuchi, Y.; Ikeda, Y.; Sato, K.; Ohba, Y.; Fujii, J. Inactivation of cysteine and serine proteases by singlet oxygen. Arch. Biochem. Biophys. 2007, 461, 151–158. [Google Scholar] [CrossRef]

	



Randriamboavonjy, V.; Kyselova, A.; Fleming, I. Redox regulation of calpains: Consequences on vascular function. Antioxid. Redox Signal. 2019, 30, 1011–1026. [Google Scholar] [CrossRef]

	



Liu, R.; Li, Y.; Wang, M.; Zhou, G.; Zhang, W. Effect of protein S-nitrosylation on autolysis and catalytic ability of μ-calpain. Food Chem. 2016, 213, 470–477. [Google Scholar] [CrossRef]

	



Samengo, G.; Avik, A.; Fedor, B.; Whittaker, D.; Myung, K.H.; Wehling-Henricks, M.; Tidball, J.G. Age-related loss of nitric oxide synthase in skeletal muscle causes reductions in calpain S-nitrosylation that increase myofibril degradation and sarcopenia. Aging Cell 2012, 11, 1036–1045. [Google Scholar] [CrossRef]

	



Li, Y.; Liu, R.; Zhang, W.; Fu, Q.; Liu, N.; Zhou, G. Effect of nitric oxide on μ-calpain activation, protein proteolysis, and protein oxidation of pork during post-mortem aging. J. Agric. Food Chem. 2014, 62, 5972–5977. [Google Scholar] [CrossRef]

	



Totzeck, M.; Korste, S.; Miinalainen, I.; Hendgen-Cotta, U.B.; Rassaf, T. S-nitrosation of calpains is associated with cardioprotection in myocardial I/R injury. Nitric Oxide Biol. Chem. 2017, 67, 68–74. [Google Scholar] [CrossRef] [PubMed]

	



Sevrioukova, I.F. Apoptosis-inducing factor: Structure, function, and redox regulation. Antioxid. Redox Signal. 2011, 14, 2545–2579. [Google Scholar] [CrossRef]

	



Shumway, S.D.; Maki, M.; Miyamoto, S. The PEST domain of IkappaBalpha is necessary and sufficient for in vitro degradation by mu-calpain. J. Biol. Chem. 1999, 274, 30874–30881. [Google Scholar] [CrossRef] [PubMed]

	



Wang, N.; Chen, W.; Linsel-Nitschke, P.; Martinez, L.O.; Agerholm-Larsen, B.; Silver, D.L.; Tall, A.R. A PEST sequence in ABCA1 regulates degradation by calpain protease and stabilization of ABCA1 by apoA-I. J. Clin. Investig. 2003, 111, 99–107. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Huang, J.; Huang, F.; Huang, M.; Zhou, G. Influence of oxidation on the susceptibility of purified desmin to degradation by μ-calpain, caspase-3 and -6. Food Chem. 2014, 150, 220–226. [Google Scholar] [CrossRef] [PubMed]

	



Acin-Perez, R.; Lechuga-Vieco, A.V.; Del Mar Muñoz, M.; Nieto-Arellano, R.; Torroja, C.; Sánchez-Cabo, F.; Jiménez, C.; González-Guerra, A.; Carrascoso, I.; Benincá, C.; et al. Ablation of the stress protease OMA1 protects against heart failure in mice. Sci. Transl. Med. 2018, 10, eaan4935. [Google Scholar] [CrossRef] [PubMed]

	



Korwitz, A.; Merkwirth, C.; Richter-Dennerlein, R.; Tröder, S.E.; Sprenger, H.-G.; Quirós, P.M.; López-Otín, C.; Rugarli, E.I.; Langer, T. Loss of OMA1 delays neurodegeneration by preventing stress-induced OPA1 processing in mitochondria. J. Cell Biol. 2016, 212, 157–166. [Google Scholar] [CrossRef]

	



Wai, T.; García-Prieto, J.; Baker, M.J.; Merkwirth, C.; Benit, P.; Rustin, P.; Rupérez, F.J.; Barbas, C.; Ibañez, B.; Langer, T. Imbalanced OPA1 processing and mitochondrial fragmentation cause heart failure in mice. Science 2015, 350, aad0116. [Google Scholar] [CrossRef]

	



Bohovych, I.; Dietz, J.V.; Swenson, S.; Zahayko, N.; Khalimonchuk, O. Redox regulation of the mitochondrial quality control protease oma1. Antioxid. Redox Signal. 2019, 31, 429–443. [Google Scholar] [CrossRef]

	



Bohovych, I.; Dietz, J.; Swenson, S.; Zahayko, N.; Khalimonchuk, O. Redox regulation of the conserved mitochondrial protease oma1. Free Radic. Biol. Med. 2017, 112, 142–143. [Google Scholar] [CrossRef]

	



Nishii, W.; Kukimoto-Niino, M.; Terada, T.; Shirouzu, M.; Muramatsu, T.; Kojima, M.; Kihara, H.; Yokoyama, S. A redox switch shapes the Lon protease exit pore to facultatively regulate proteolysis. Nat. Chem. Biol. 2015, 11, 46–51. [Google Scholar] [CrossRef] [PubMed]

	



Chowdhury, D.; Lieberman, J. Death by a thousand cuts: Granzyme pathways of programmed cell death. Annu. Rev. Immunol. 2008, 26, 389–420. [Google Scholar] [CrossRef] [PubMed]

	



Huysmans, M.; Lema, A.S.; Coll, N.S.; Nowack, M.K. Dying two deaths—Programmed cell death regulation in development and disease. Curr. Opin. Plant Biol. 2017, 35, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Balakireva, A.V.; Zamyatnin, A.A. Indispensable role of proteases in plant innate immunity. Int. J. Mol. Sci. 2018, 19, 629. [Google Scholar] [CrossRef] [PubMed]

	



Hatsugai, N.; Yamada, K.; Goto-Yamada, S.; Hara-Nishimura, I. Vacuolar processing enzyme in plant programmed cell death. Front. Plant Sci. 2015, 6, 234. [Google Scholar] [CrossRef]

	



Minina, E.A.; Bozhkov, P.V.; Hofius, D. Autophagy as initiator or executioner of cell death. Trends Plant Sci. 2014, 19, 692–697. [Google Scholar] [CrossRef]

	



Zamyatnin, A.A. Plant proteases involved in regulated cell death. Biochemistry 2015, 80, 1701–1715. [Google Scholar] [CrossRef]

	



Van Creveld, S.; Ben-Dor, S.; Mizrachi, A.; Alcolombri, U.; Hopes, A.; Mock, T.; Rosenwasser, S.; Vardi, A. A redox-regulated type III metacaspase controls cell death in a marine diatom. BioRxiv 2018, 444109. [Google Scholar] [CrossRef]

	



Balakireva, A.V.; Zamyatnin, A.A. Cutting out the gaps between proteases and programmed cell death. Front. Plant Sci. 2019, 10, 704. [Google Scholar] [CrossRef]

	



Taylor, R.C.; Cullen, S.P.; Martin, S.J. Apoptosis: Controlled demolition at the cellular level. Nat. Rev. Mol. Cell Biol. 2008, 9, 231–241. [Google Scholar] [CrossRef]

	



Nicholson, D.W. Caspase structure, proteolytic substrates, and function during apoptotic cell death. Cell Death Differ. 1999, 6, 1028–1042. [Google Scholar] [CrossRef] [PubMed]

	



Katoh, I.; Tomimori, Y.; Ikawa, Y.; Kurata, S. Dimerization and processing of procaspase-9 by redox stress in mitochondria. J. Biol. Chem. 2004, 279, 15515–15523. [Google Scholar] [CrossRef] [PubMed]

	



Barbouti, A.; Amorgianiotis, C.; Kolettas, E.; Kanavaros, P.; Galaris, D. Hydrogen peroxide inhibits caspase-dependent apoptosis by inactivating procaspase-9 in an iron-dependent manner. Free Radic. Biol. Med. 2007, 43, 1377–1387. [Google Scholar] [CrossRef] [PubMed]

	



Borutaite, V.; Brown, G.C. Caspases are reversibly inactivated by hydrogen peroxide. FEBS Lett. 2001, 500, 114–118. [Google Scholar] [CrossRef]

	



Chung, H.T.; Pae, H.O.; Choi, B.M.; Billiar, T.R.; Kim, Y.M. Nitric oxide as a bioregulator of apoptosis. Biochem. Biophys. Res. Commun. 2001, 282, 1075–1079. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.-M.; Kim, P.K.; Kwon, Y.-G.; Bai, S.-K.; Nam, W.-D.; Kim, Y.-M. Regulation of apoptosis by nitrosative stress. J. Biochem. Mol. Biol. 2002, 35, 127–133. [Google Scholar] [CrossRef]

	



Li, J.; Billiar, T.R.; Talanian, R.V.; Kim, Y.M. Nitric oxide reversibly inhibits seven members of the caspase family via S-nitrosylation. Biochem. Biophys. Res. Commun. 1997, 240, 419–424. [Google Scholar] [CrossRef]

	



Mannick, J.B.; Schonhoff, C.; Papeta, N.; Ghafourifar, P.; Szibor, M.; Fang, K.; Gaston, B. S-Nitrosylation of mitochondrial caspases. J. Cell Biol. 2001, 154, 1111–1116. [Google Scholar] [CrossRef]

	



Rössig, L.; Fichtlscherer, B.; Breitschopf, K.; Haendeler, J.; Zeiher, A.M.; Mülsch, A.; Dimmeler, S. Nitric oxide inhibits caspase-3 by S-nitrosation in vivo. J. Biol. Chem. 1999, 274, 6823–6826. [Google Scholar] [CrossRef]

	



Kim, Y.M.; Kim, T.H.; Chung, H.T.; Talanian, R.V.; Yin, X.M.; Billiar, T.R. Nitric oxide prevents tumor necrosis factor alpha-induced rat hepatocyte apoptosis by the interruption of mitochondrial apoptotic signaling through S-nitrosylation of caspase-8. Hepatology 2000, 32, 770–778. [Google Scholar] [CrossRef]

	



Tzeng, E.; Kim, Y.M.; Pitt, B.R.; Lizonova, A.; Kovesdi, I.; Billiar, T.R. Adenoviral transfer of the inducible nitric oxide synthase gene blocks endothelial cell apoptosis. Surgery 1997, 122, 255–263. [Google Scholar] [CrossRef]

	



Zech, B.; Köhl, R.; von Knethen, A.; Brüne, B. Nitric oxide donors inhibit formation of the Apaf-1/caspase-9 apoptosome and activation of caspases. Biochem. J. 2003, 371, 1055–1064. [Google Scholar] [CrossRef] [PubMed]

	



Mannick, J.B.; Hausladen, A.; Liu, L.; Hess, D.T.; Zeng, M.; Miao, Q.X.; Kane, L.S.; Gow, A.J.; Stamler, J.S. Fas-induced caspase denitrosylation. Science 1999, 284, 651–654. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.-E.; Tannenbaum, S.R. S-Nitrosation regulates the activation of endogenous procaspase-9 in HT-29 human colon carcinoma cells. J. Biol. Chem. 2004, 279, 9758–9764. [Google Scholar] [CrossRef]

	



Huang, Z.; Pinto, J.T.; Deng, H.; Richie, J.P.J. Inhibition of caspase-3 activity and activation by protein glutathionylation. Biochem. Pharmacol. 2008, 75, 2234–2244. [Google Scholar] [CrossRef]

	



Pan, S.; Berk, B.C. Glutathiolation regulates tumor necrosis factor-alpha-induced caspase-3 cleavage and apoptosis: Key role for glutaredoxin in the death pathway. Circ. Res. 2007, 100, 213–219. [Google Scholar] [CrossRef]

	



Sykes, M.C.; Mowbray, A.L.; Jo, H. Reversible glutathiolation of caspase-3 by glutaredoxin as a novel redox signaling mechanism in tumor necrosis factor-alpha-induced cell death. Circ. Res. 2007, 100, 152–154. [Google Scholar] [CrossRef] [PubMed]

	



Paniagua Soriano, G.; De Bruin, G.; Overkleeft, H.S.; Florea, B.I. Toward understanding induction of oxidative stress and apoptosis by proteasome inhibitors. Antioxid. Redox Signal. 2014, 21, 2419–2443. [Google Scholar] [CrossRef]

	



Anding, A.L.; Baehrecke, E.H. Autophagy in cell life and cell death. Curr. Top. Dev. Biol. 2015, 114, 67–91. [Google Scholar]

	



Shibutani, S.T.; Saitoh, T.; Nowag, H.; Münz, C.; Yoshimori, T. Autophagy and autophagy-related proteins in the immune system. Nat. Immunol. 2015, 16, 1014–1024. [Google Scholar] [CrossRef]

	



Kaminskyy, V.; Zhivotovsky, B. Proteases in autophagy. Biochim. Biophys. Acta 2012, 1824, 44–50. [Google Scholar] [CrossRef] [PubMed]

	



Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for autophagy and specifically regulate the activity of Atg4. EMBO J. 2007, 26, 1749–1760. [Google Scholar] [CrossRef]

	



Woo, J.; Park, E.; Dinesh-Kumar, S.P. Differential processing of Arabidopsis ubiquitin-like Atg8 autophagy proteins by Atg4 cysteine proteases. Proc. Natl. Acad. Sci. USA 2014, 111, 863–868. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Pérez, M.E.; Zaffagnini, M.; Marchand, C.H.; Crespo, J.L.; Lemaire, S.D. The yeast autophagy protease Atg4 is regulated by thioredoxin. Autophagy 2014, 10, 1953–1964. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Pérez, M.E.; Lemaire, S.D.; Crespo, J.L. Control of autophagy in chlamydomonas is mediated through redox-dependent inactivation of the ATG4 protease. Plant Physiol. 2016, 172, 2219–2234. [Google Scholar] [CrossRef] [PubMed]

	



Fermani, S.; Sparla, F.; Falini, G.; Martelli, P.L.; Casadio, R.; Pupillo, P.; Ripamonti, A.; Trost, P. Molecular mechanism of thioredoxin regulation in photosynthetic A2B2-glyceraldehyde-3-phosphate dehydrogenase. Proc. Natl. Acad. Sci. USA 2007, 104, 11109–11114. [Google Scholar] [CrossRef]

	



Johansson, K.; Ramaswamy, S.; Saarinen, M.; Lemaire-Chamley, M.; Issakidis-Bourguet, E.; Miginiac-Maslow, M.; Eklund, H. Structural basis for light activation of a chloroplast enzyme: The structure of sorghum NADP-malate dehydrogenase in its oxidized form. Biochemistry 1999, 38, 4319–4326. [Google Scholar] [CrossRef]

	



Yang, Y.; Jiang, G.; Zhang, P.; Fan, J. Programmed cell death and its role in inflammation. Mil. Med. Res. 2015, 2, 12. [Google Scholar] [CrossRef]

	



Krakauer, T. Inflammasomes, autophagy, and cell death: The trinity of innate host defense against intracellular bacteria. Mediat. Inflamm. 2019, 2019, 2471215. [Google Scholar] [CrossRef]

	



Pandey, K.C.; Dixit, R. Structure-function of falcipains: Malarial cysteine proteases. J. Trop. Med. 2012, 2012, 345195. [Google Scholar] [CrossRef]

	



Salas-Sarduy, E.; Landaburu, L.U.; Karpiak, J.; Madauss, K.P.; Cazzulo, J.J.; Agüero, F.; Alvarez, V.E. Novel scaffolds for inhibition of Cruzipain identified from high-throughput screening of anti-kinetoplastid chemical boxes. Sci. Rep. 2017, 7, 12073. [Google Scholar] [CrossRef] [PubMed]

	



Venturini, G.; Colasanti, M.; Salvati, L.; Gradoni, L.; Ascenzi, P. Nitric oxide inhibits falcipain, the Plasmodium falciparum trophozoite cysteine protease. Biochem. Biophys. Res. Commun. 2000, 267, 190–193. [Google Scholar] [CrossRef] [PubMed]

	



Venturini, G.; Salvati, L.; Muolo, M.; Colasanti, M.; Gradoni, L.; Ascenzi, P. Nitric oxide inhibits cruzipain, the major papain-like cysteine proteinase from Trypanosoma cruzi. Biochem. Biophys. Res. Commun. 2000, 270, 437–441. [Google Scholar] [CrossRef] [PubMed]

	



Laitinen, O.H.; Svedin, E.; Kapell, S.; Hankaniemi, M.M.; Larsson, P.G.; Domsgen, E.; Stone, V.M.; Määttä, J.A.E.; Hyöty, H.; Hytönen, V.P.; et al. New Coxsackievirus 2Apro and 3Cpro protease antibodies for virus detection and discovery of pathogenic mechanisms. J. Virol. Methods 2018, 255, 29–37. [Google Scholar] [CrossRef]

	



Badorff, C.; Fichtlscherer, B.; Rhoads, R.E.; Zeiher, A.M.; Muelsch, A.; Dimmeler, S.; Knowlton, K.U. Nitric oxide inhibits dystrophin proteolysis by coxsackieviral protease 2A through S-nitrosylation: A protective mechanism against enteroviral cardiomyopathy. Circulation 2000, 102, 2276–2281. [Google Scholar] [CrossRef]

	



Saura, M.; Zaragoza, C.; McMillan, A.; Quick, R.A.; Hohenadl, C.; Lowenstein, J.M.; Lowenstein, C.J. An antiviral mechanism of nitric oxide: Inhibition of a viral protease. Immunity 1999, 10, 21–28. [Google Scholar] [CrossRef]

	



Sidiropoulos, P.I.; Goulielmos, G.; Voloudakis, G.K.; Petraki, E.; Boumpas, D.T. Inflammasomes and rheumatic diseases: Evolving concepts. Ann. Rheum. Dis. 2008, 67, 1382–1389. [Google Scholar] [CrossRef]

	



Menu, P.; Mayor, A.; Zhou, R.; Tardivel, A.; Ichijo, H.; Mori, K.; Tschopp, J. ER stress activates the NLRP3 inflammasome via an UPR-independent pathway. Cell Death Dis. 2012, 3, e261. [Google Scholar] [CrossRef]

	



Bae, J.Y.; Park, H.H. Crystal structure of NALP3 protein pyrin domain (PYD) and its implications in inflammasome assembly. J. Biol. Chem. 2011, 286, 39528–39536. [Google Scholar] [CrossRef]

	



Abais, J.M.; Xia, M.; Zhang, Y.; Boini, K.M.; Li, P.-L. Redox regulation of NLRP3 inflammasomes: ROS as trigger or effector? Antioxid. Redox Signal. 2015, 22, 1111–1129. [Google Scholar] [CrossRef]

	



Morales, K.; Olesen, M.N.; Poulsen, E.T.; Larsen, U.G.; Enghild, J.J.; Petersen, S.V. The effects of hypochlorous acid and neutrophil proteases on the structure and function of extracellular superoxide dismutase. Free Radic. Biol. Med. 2015, 81, 38–46. [Google Scholar] [CrossRef] [PubMed]

	



Figaj, D.; Ambroziak, P.; Przepiora, T.; Skorko-Glonek, J. The role of proteases in the virulence of plant pathogenic bacteria. Int. J. Mol. Sci. 2019, 20, 672. [Google Scholar] [CrossRef] [PubMed]

	



Nissinen, L.; Kähäri, V.-M. Matrix metalloproteinases in inflammation. Biochim. Biophys. Acta 2014, 1840, 2571–2580. [Google Scholar] [CrossRef] [PubMed]

	



Pinet, K.; McLaughlin, K.A. Mechanisms of physiological tissue remodeling in animals: Manipulating tissue, organ, and organism morphology. Dev. Biol. 2019, 451, 134–145. [Google Scholar] [CrossRef]

	



Shekhter, A.B.; Balakireva, A.V.; Kuznetsova, N.V.; Vukolova, M.N.; Litvitsky, P.F.; Zamyatnin, A.A., Jr. Collagenolytic enzymes and their applications in biomedicine. Curr. Med. Chem. 2019, 26, 487–505. [Google Scholar] [CrossRef]

	



Löffek, S.; Schilling, O.; Franzke, C.-W. Series “matrix metalloproteinases in lung health and disease”: Biological role of matrix metalloproteinases: A critical balance. Eur. Respir. J. 2011, 38, 191–208. [Google Scholar] [CrossRef]

	



Fu, X.; Kassim, S.Y.; Parks, W.C.; Heinecke, J.W. Hypochlorous acid oxygenates the cysteine switch domain of pro-matrilysin (MMP-7). A mechanism for matrix metalloproteinase activation and atherosclerotic plaque rupture by myeloperoxidase. J. Biol. Chem. 2001, 276, 41279–41287. [Google Scholar] [CrossRef]

	



Visse, R.; Nagase, H. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: Structure, function, and biochemistry. Circ. Res. 2003, 92, 827–839. [Google Scholar] [CrossRef]

	



Viappiani, S.; Nicolescu, A.C.; Holt, A.; Sawicki, G.; Crawford, B.D.; León, H.; van Mulligen, T.; Schulz, R. Activation and modulation of 72kDa matrix metalloproteinase-2 by peroxynitrite and glutathione. Biochem. Pharmacol. 2009, 77, 826–834. [Google Scholar] [CrossRef]

	



Okamoto, T.; Akaike, T.; Sawa, T.; Miyamoto, Y.; van der Vliet, A.; Maeda, H. Activation of matrix metalloproteinases by peroxynitrite-induced protein S-glutathiolation via disulfide S-oxide formation. J. Biol. Chem. 2001, 276, 29596–29602. [Google Scholar] [CrossRef]

	



Kar, S.; Subbaram, S.; Carrico, P.M.; Melendez, J.A. Redox-control of matrix metalloproteinase-1: A critical link between free radicals, matrix remodeling and degenerative disease. Respir. Physiol. Neurobiol. 2010, 174, 299–306. [Google Scholar] [CrossRef] [PubMed]

	



Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix metalloproteinases: Regulators of the tumor microenvironment. Cell 2010, 141, 52–67. [Google Scholar] [CrossRef] [PubMed]

	



Bengsch, F.; Buck, A.; Günther, S.C.; Seiz, J.R.; Tacke, M.; Pfeifer, D.; von Elverfeldt, D.; Sevenich, L.; Hillebrand, L.E.; Kern, U.; et al. Cell type-dependent pathogenic functions of overexpressed human cathepsin B in murine breast cancer progression. Oncogene 2014, 33, 4474–4484. [Google Scholar] [CrossRef] [PubMed]

	



Olson, O.C.; Joyce, J.A. Cysteine cathepsin proteases: Regulators of cancer progression and therapeutic response. Nat. Rev. Cancer 2015, 15, 712–729. [Google Scholar] [CrossRef]

	



Rudzińska, M.; Parodi, A.; Soond, S.M.; Vinarov, A.Z.; Korolev, D.O.; Morozov, A.O.; Daglioglu, C.; Tutar, Y.; Zamyatnin, A.A. The Role of Cysteine Cathepsins in Cancer Progression and Drug Resistance. Int. J. Mol. Sci. 2019, 20, 3602. [Google Scholar] [CrossRef]

	



Ravi, S.; Peña, K.A.; Chu, C.T.; Kiselyov, K. Biphasic regulation of lysosomal exocytosis by oxidative stress. Cell Calcium 2016, 60, 356–362. [Google Scholar] [CrossRef]

	



Eble, J.A.; de Rezende, F.F. Redox-relevant aspects of the extracellular matrix and its cellular contacts via integrins. Antioxid. Redox Signal. 2014, 20, 1977–1993. [Google Scholar] [CrossRef]

	



Bozeman, E.N.; Cimino-Mathews, A.; Machiah, D.K.; Patel, J.M.; Krishnamoorthy, A.; Tien, L.; Shashidharamurthy, R.; Selvaraj, P. Expression of membrane anchored cytokines and B7-1 alters tumor microenvironment and induces protective antitumor immunity in a murine breast cancer model. Vaccine 2013, 31, 2449–2456. [Google Scholar] [CrossRef]

	



Tousseyn, T.; Jorissen, E.; Reiss, K.; Hartmann, D. (Make) stick and cut loose--disintegrin metalloproteases in development and disease. Birth Defects Res. C Embryo Today 2006, 78, 24–46. [Google Scholar] [CrossRef]

	



Wang, Y.; Herrera, A.H.; Li, Y.; Belani, K.K.; Walcheck, B. Regulation of mature ADAM17 by redox agents for L-selectin shedding. J. Immunol. 2009, 182, 2449–2457. [Google Scholar] [CrossRef]

	



Zhang, Z.; Oliver, P.; Lancaster, J.R.J.; Schwarzenberger, P.O.; Joshi, M.S.; Cork, J.; Kolls, J.K. Reactive oxygen species mediate tumor necrosis factor alpha-converting, enzyme-dependent ectodomain shedding induced by phorbol myristate acetate. FASEB J. 2001, 15, 303–305. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Aggarwal, B.B. Role of sulfhydryl groups in induction of cell surface down-modulation and shedding of extracellular domain of human TNF receptors in human histiocytic lymphoma U937 cells. J. Immunol. 1994, 153, 3745–3754. [Google Scholar] [PubMed]








[image: Biomolecules 10 00650 g001 550] 





Figure 1. Reversible and irreversible redox-mediated post-translational modifications (PTMs) of amino acid residues. Amino acids that undergo modifications are indicated in parentheses. Modifications found for proteases are shown in blue. 
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Figure 2. Mechanisms of the redox-mediated modifications of proteolytic enzymes resulting in the inhibition or activation of proteases. Inactive enzymes are indicated in red, and active enzymes are in green. Intracellular or extracellular localizations are indicated by green checkmarks.X—either SNO, SOH, SO2H, SSG (reversible PTM), or SO3H (irreversible PTM); CYS—cysteine; CYS *—catalytic cysteine; Zn2+—catalytic zink ion; solid line—the covalent bond; dashed line—the broken covalent bond. 
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